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The use of Ge in semiconductor electronics has been constrained by the lack of a simple method of passivating
the crystal surface. Toward that end, we have explored the utility of chemically bonded hydrocarbon monolayers.
Alkylated Ge(111) surfaces have been prepared by addition of 1-alkenes to the H-terminated Ge(111) surface
as well as by a two-step halogenation/alkylation procedure. The chemical compositions of the resulting methyl-,
ethyl-, and decyl-terminated surfaces have been evaluated using X-ray photoelectron spectroscopy (XPS).
Thermal addition of 1-decene produced hydrophobic surfaces with 0.3 ( 0.1 monolayer of Ge oxide detected
by XPS, whereas no oxide was observed on the methyl-, ethyl-, or decyl-terminated surfaces that were prepared
using the two-step halogenation/alkylation method. Methyl-terminated Ge(111) surfaces prepared by the two-
step method displayed a well-resolved C 1s XPS peak at a binding energy of 284 eV, consistent with carbon
bonded to a less electronegative element such as Ge. The electronic properties of all of the alkylated surfaces
were characterized by measurements of the surface recombination velocity as a function of an externally
applied gate voltage. Treatment of HF-etched Ge(111) surfaces with Br2 vapor, followed by reaction with
alkylmagnesium or alkyllithium reagents, yielded air-stable surfaces that had surface recombination velocities
of 100 cm s-1 or less under flat-band conditions. The field-dependent surface recombination velocity
experiments indicated that, in contact with air, methyl-terminated n-type Ge(111) samples had a negative
surface potential approaching 300 mV, in contrast to the oxidized Ge(111) surface, which exhibited a strongly
positive surface potential under the same conditions. Mercury contacts to n-type methyl-, ethyl-, or decyl-
terminated Ge(111) substrates that were alkylated using the two-step method formed rectifying junctions
with barrier heights of 0.6 ( 0.1 eV, whereas no measurable rectification was observed for Hg contacts to
p-type Ge(111) substrates that were alkylated by the two-step method, to n-type Ge(111) substrates that were
alkylated through addition of 1-decene, or to oxidized n-type Ge(111) samples.
I. Introduction
Si and Ge have a long history in the field of semiconductor
electronics, but Si became dominant because the ability to form
a stable, low defect density Si/SiO2 interface allowed the
development of the field-effect transistor. As device scaling to
ever smaller feature sizes requires that the SiO2 layer be replaced
with high-κ dielectrics, that advantage is not as important.
Because the hole carrier mobility in Ge is 4 times that in silicon,
Ge provides an advantage in high-speed circuits and is of interest
in CMOS technology, where the p-channel component of Si
has traditionally had less than ideal performance.1,2 Further, the
0.67 eV band gap of Ge allows the absorption of infrared
radiation, which makes Ge, or a SiGe alloy, a suitable rear
absorber in a multijunction solar cell.3,4 Hence, methods that
yield low defect-density Ge surfaces are of interest. For such
techniques to be applicable to SiGe alloys or to Ge structures
that are grown on a Si wafer, all of the processes must be
compatible with Si.
The high surface-state density, and the instability and water
solubility of Ge oxide, have proven to be significant drawbacks
to the development of Ge-based technology.5,6 A recent method
of reducing the high surface-state density in Ge devices involves
deposition of a layer of Si, to facilitate the growth of a
conventional, low-defect Si suboxide, followed by growth of a
high-κ material on the Si oxide.7 Such techniques require the
formation of overlayers of greater than 0.5 nm thickness and
thereby necessarily introduce additional underside capacitance
to the device, so direct chemical modification of the Ge crystal
surface is of significant interest.2
Alkylation of Ge surfaces, by replacing the oxide of Ge(111)
with a layer of grafted ethyl groups, has been shown to eliminate
the sensitivity of the electrical properties to ambient moisture.
However, such ethylated-Ge surface possess a high density of
surface states.8 The etching and halogenation steps used in these
ethylation methods were harsh and may have caused appreciable
roughening of the Ge surface. Possibly because of the high
surface-state density, as well as the development of the thermal
oxide on Si, little work has subsequently been performed with
such Ge surfaces. In contrast to hydrogen termination of Si,
which yields a metastable surface that is useful in processing,
hydrogen-terminated Ge surfaces are not stable.9,10 Sulfide
passivation eliminates Ge oxides but can lead to the formation
of a GeS glass.1,11–15 Alkanethiols allow for the attachment of
organic groups to the Ge surface through a Ge-S bond, but
long-term stability has not been demonstrated.10,16–18 In a method
very similar to what has been used on silicon, 1-alkenes can be
grafted to the H-Ge(111) surface to form a stable C-Ge
bond.17,19–22
Improvements to the halogenation/alkylation technique have
been developed for Si and have been shown to produce alkylated
Si surfaces of high surface perfection that exhibit accordingly
low densities of electronic defects.23–26 Functionalization of
H-Si(111) by the thermal addition of 1-alkene groups opens
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the possibility of attachment of a wider variety of useful
chemical species; however, the process yields surfaces of
varying degrees of interface quality.27–33 The work described
herein has thus explored in depth the two-step halogenation/
alkylation method as an approach to the production of stable
Ge(111) surfaces with a low density of recombination centers.
The chemical compositions of the resulting functionalized Ge
surfaces have been characterized using X-ray photoelectron
spectroscopy (XPS), the electronic properties have been char-
acterized by measurements of the surface recombination velocity
as a function of an externally applied gate voltage, and the
electrical junction behavior of such surfaces has been determined
by formation of Hg contacts and subsequent characterization
of their device properties using differential capacitance and
current-voltage measurements.
II. Experimental Section
A. Materials. Unless otherwise stated, chemicals were
obtained from Aldrich or Alfa Aesar and were used as received.
Water was obtained from a Barnstead NanoPure system and
had a resistivity of 18 MΩ cm. 10 M HF(aq) solutions were
made from by the dilution of 30 M (48 wt %) HF (Transene).
Diethylene glycol dibutyl ether (DEGDBE) was vacuum-
distilled from LiAlH4 and was stored under N2(g) until use.
1-Decene was vacuum-distilled from Na metal and stored in
the dark, under N2(g), until further use. Br2(l) was vacuum-
transferred from P2O5, then subjected to several freeze-pump-
thaw cycles, and stored in a Schlenk flask until use.
Low vapor pressure organomagnesium or organolithium
solutions were prepared from the corresponding diethyl ether
solutions by addition of an equal volume of DEGDBE, followed
by vacuum removal of the diethyl ether into a N2(l) trap.
Dimethylmagnesium was prepared by addition of small amounts
of 1,4-dioxane to methylmagnesium bromide in diethyl ether
until the MgBr2 ·dioxane complex ceased to precipitate, after
which the solution was passed through baked glass wool to
remove the precipitate.34 Two-inch diameter, 500 µm thick,
Ge(111) wafers (MTI Corp.) were cut with a diamond scribe
into sizes appropriate for the specific measurement and were
sanded when necessary for ohmic contact formation. To remove
contamination and Ge dust, the fragments were rinsed with
water, dried with N2(g), immersed in 10 M H2O2(aq) for 30-50
s, rinsed with water, and then dried.
B. Surface Modification. Immediately prior to surface
modification, the Ge substrate was cleaned by suspending the
sample for minimum of 45 min in a Soxhlet extractor that
contained boiling isopropanol. The sample was then dipped in
water, followed by etching in 10 M HF(aq) for 20 min, to form
a hydrophobic surface. The surface was then blown dry with
N2(g) and immediately placed into a custom built drying
chamber equipped with two Schlenk storage flasks that allowed
for the addition of reagents without opening the chamber or
exposing the chemicals to any materials other than glass and
the fluorocarbon stopcock. The chamber was evacuated to <20
mTorr and backfilled several times with Ar(g). In the case of
Si(111), the substrate was briefly etched with 30 M HF(aq),
rinsed with water, and etched with degassed 11 M NH4F(aq)
(Transene) for 20 min prior to transfer of the sample into the
drying chamber. Subsequent steps were identical to those used
with the Ge samples.
For the halogenation/alkylation method, when the pressure
had decreased to <20 mTorr, the drying chamber was isolated
from the vacuum and backfilled with Br2 vapor for 1-3 min.
The vapor was then pumped off, and when the pressure had
decreased to <20 mTorr, the low vapor pressure organomag-
nesium solution was added to the chamber until the sample was
fully immersed in liquid. The chamber was kept under a positive
pressure of Ar(g) and was heated to 60 °C for 3-12 h. After
the chamber had cooled, the substrate was removed and rinsed
with methanol. The sample was then briefly dipped in a 10%
acetic acid solution to remove the magnesium alkoxides and
was then rinsed sequentially with methanol, isopropanol,
hexanes, isopropanol, and methanol. The same procedure was
used to alkylate hydrogen-terminated Si(111).
For thermal hydrogermylation, an identical etching procedure
was followed as for the two-step alkylation process. The drying
chamber that contained a hydrogen-terminated Ge(111) sample
was evacuated to <20 mTorr, and then 1-decene was added to
the drying chamber, until the substrate was completely immersed
in liquid. The chamber was kept under a positive pressure of
Ar while the 1-decene was brought to reflux for 2 h. Once the
chamber had cooled, the substrate was removed, and the Ge
was rinsed with hexanes, followed by a rinse with isopropanol.
C. Instrumentation. X-ray photoelectron spectroscopy was
performed at pressures of 10-9-10-8 Torr on an M-Probe
spectrometer that was interfaced to a computer running the
ESCA2000 (Service Physics) software. The monochromatic
X-ray source was the 1486.6 eV Al KR line, directed at 35° to
the sample surface. Emitted photoelectrons were collected by a
hemispherical analyzer that was mounted at an angle of 35°
with respect to the sample surface. The samples were conductive
so charge neutralization was not needed. Low-resolution survey
spectra were acquired between binding energies of 1-1100 eV.
Higher-resolution detailed scans, with a resolution of ∼0.8 eV,
were collected on individual XPS lines of interest. All binding
energies are reported in electron-volts.
The conductance of the samples was monitored by passing a
constant 0.5 mA current through a 10 mm by 20 mm rectangular,
double-side polished substrate that had a Ga/In ohmic contact
on each of the shorter edges of the samples. Photoconductivity
decay (PCD) transients were initiated with a 20 ns pulse from
a 1550 nm laser diode (Laser Components, Inc.) that was driven
by an ETX-10A laser driver (Electro-Optic Devices). From the
peak conductance, the injection intensity was determined to be
<1012 cm-3 for low-level injection conditions. The surface
potential was varied by clamping the sample between two 10
mm wide glass field plates that had been coated with F-doped
tin oxide, so that a 1 cm2 gate region was formed on each side
of the sample. The field plates were separated from the sample
surface by hydrocarbon oil as well as by a 10-13 µm film of
poly(vinyl fluoride) (Goodfellow), resulting in a capacitance of
300 pF cm-2. The gate bias was supplied by two 2.5 W 1 kV
JB series power supplies (Matsusada) and was controlled by a
custom-built circuit. Qualitative conductance measurements
performed under vacuum were conducted in a high-vacuum
(10-7 Torr) load-lock attached to the XPS system, and the field
plates were separated from the sample surface only by the
fluoropolymer film.
Barrier-height measurements were conducted on 1 cm2 single-
side polished samples that were prepared as described above.
Ohmic contacts were formed with Ga/In across the rough side
of the sample, and the sample was then placed rough-side down
on a copper bar. Hg/Ge junctions were formed by containing
electronic-grade Hg within a fluorocarbon elastomer O-ring that
was held against the polished side of the Ge sample. A platinum
wire was touched to the Hg to form an electrical lead without
forming an amalgam or altering the work function of the Hg.
The junction was connected to a model 1287 Solartron poten-
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tiostat operated in a two-electrode configuration, with the copper
bar as the working electrode and the platinum wire as the counter
electrode. Current-voltage (I-V) data were collected, using the
Corrware software package (Scribner), at a scan rate of 10 mV
s-1, between -0.4 and 0.6 V. Impedance measurements were
made with a Schlumberger SI 1260 frequency response analyzer
that was controlled by the Zplot software package (Scribner).
The ac voltage was 10 mV, and the swept frequency range was
typically 101-106 Hz.
D. Data Analysis. The methods used to analyze the XPS
data have been described previously.35 The hydrocarbon over-
layer thickness, dov, was computed by use of the relationship
where I is the peak intensity, F is the atomic density, SF is the
sensitivity factor, λ is the photoelectron escape length, and θ is
the photoelectron takeoff angle determined by the surface
orientation relative to the analyzer. The subscript “ov” signifies
an overlayer component; the subscript “Ge” signifies a Ge
component. The Ge 3d spectral peak was chosen rather than
the more surface sensitive Ge 2p peak because the Ge 3d
photoelectron has a kinetic energy close to that of the C1s
photoelectron, so that λGe ≈ λov. The coverage of oxide in
fractional monolayers was calculated by comparing the mea-
sured IGe,s/IGe ratio to the maximum computed from
where IGe,s is the intensity of the higher binding energy
component of the Ge 3d peak that is distinct from the bulk
component. The bulk atomic density, nGe, and the surface atomic
density, IGe,s were assigned values of 4.42 × 1022 cm-3 and 7.4
× 1014 cm-2, respectively.37,38 The value used for a 100%
oxidation ratio is 0.223.
The change in conductance, ∆σ, relative to flat-band condi-
tions was obtained from the measured resistance, R, by37
where l and w are the sample length and width, respectively;
∆σmin and Rmax are the conductance (relative to the flat-band
value) and resistance, respectively, of the sample as the surface
transitioned between inversion and depletion conditions. The
surface potential was derived through the functional relationship
depicted in Figure 1. These functional relationships were
generated numerically with a computer script available in the
Supporting Information.
Surface recombination velocities, S, were calculated from the
measured single-exponential decay constant, τ, of the photo-
conductivity decay transient by38
where τb is the bulk lifetime of 1.5 ms and d is the wafer
thickness.
Barrier heights, ΦBn, were calculated from the saturation
current of the current density vs voltage by
where JST is the saturation current density obtained by extrapo-
lating the forward current density to zero bias, k is the
Boltzmann constant, T is absolute temperature, A** is the
modified Richardson constant, taken as 50 A cm-2 K-2, and q
is the (unsigned) electronic charge.36 Barrier heights were also
determined through measurement of the differential capacitance
of the depletion region, Csc, by
where ε is the dielectric constant of Ge, ε0 is the permittivity
of free space, and ND is the bulk dopant density. The built-in
voltage, Vbi, is given by
where Ei and EF are the intrinsic Fermi level and the actual
Fermi level, respectively.
III. Results
A. Surface Chemical Analysis. Figures 2 and 3 show
representative XPS data obtained from alkyl-terminated surfaces.
The survey spectra of methyl-terminated Ge(111) surface and
of a sputter-cleaned bare Ge(111) surface (Figure 2a) indicated
that little if any oxygen was detectable on the methylated Ge
surface. The high-resolution C 1s spectrum of the methyl-
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Figure 1. Functional relationships between surface conductance, ∆σ,
and surface potential, Vs, calculated for (a) intrinsic (dashed line) and
lightly doped n-type (solid line) Ge and (b) high resistivity n-type
(dashed line) and moderately doped n-type (solid line) Si.37
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terminated Ge sample (Figure 2b) exhibited two clearly
distinguishable peaks: one near 285 eV ascribable to C-C (due
to adventitious hydrocarbon) and a second peak at 284 eV
ascribable to the C-Ge of the surface-bound methyl group. For
larger alkyl groups such as decyl, the peak at 285 eV became
more intense and the peak at lower binding energy was not as
clearly distinguishable in the XPS data (available in Supporting
Information). The inset of the C 1s spectrum in Figure 2b shows
the Ge 3d peak for samples that were prepared with three
different methylating agents. Dimethylmagnesium, methyl-
lithium, and methylmagnesium halide all reacted with the Br-
terminated Ge(111) surface to produce a nearly oxide-free,
methyl-terminated Ge(111) surface.
Figure 3a,b displays the Ge 3d peaks that were observed for
decyl-terminated Ge(111) surfaces that were prepared through
thermal hydrogermylation and through halogenation followed
by Grignard alkylation, respectively. No oxide was detected on
the Grignard-treated Ge(111) surface, but the surface that was
treated with 1-decene reproducibly exhibited some level of
oxidation above the detection limits of the instrumentation.
Table 1 presents the coverages of the various surface-bound
species calculated from the XPS data. The peak area ratio of
the lower binding energy component of the carbon peak to that
of the bulk Ge 3d peak is in agreement with the ratio observed
for the similar carbon component and bulk Si 2p peak areas
that has been previously observed for methyl-terminated
Si(111).39
B. Surface Conductance. For the undoped and n-type
Ge(111) samples studied, a significant increase in sample conduc-
tance upon application of a negative bias to the sample with respect
to the field plate, and a decrease in sample conductance upon
application of a positive bias, indicated that the oxidized, etched,
and 1-decene-treated Ge(111) surfaces were in accumulation
in the absence of an applied field (i.e., the surface potential was
on the right side of the curves in Figure 1). However, a
quantitative determination of the surface potential could not be
made for these samples because Rmax of eq 3 was not accessible.
The magnitude of the change in conductance in response to an
applied field of a given strength decreased when any of these
samples were under vacuum, relative to when they were exposed
to air, indicating that the positive surface charge was produced
by exposure to ambient conditions.
The field-dependent conductance data obtained for methyl-,
ethyl-, and decyl-terminated Ge(111) surfaces prepared by the
two-step halogenation/alkylation procedure indicated inversion
conditions in the absence of an applied field (i.e., the sign of
the response to an applied electric field indicated that the surface
potential was on the left side of the curves in Figure 1). In
addition, for such samples, Rmax was attainable experimentally.
Figure 4 displays the surface recombination velocity data as
a function of the applied field voltage for various Ge(111)
surfaces that were prepared by the two-step halogenation/
alkylation method. Most samples showed minimal surface
recombination in the absence of an electric field applied normal
to the surface, but samples with ethyl or decyl termination often
displayed increased recombination as the surface was brought
closer to flat-band conditions by application of a negative sample
bias.
The maximum surface recombination velocity and the zero-
applied-field surface potential of the measured samples for which
Rmax was reached (so the surface potential could be calculated
from eq 3 and Figure 1) are reported in Table 2. The first index
of the sample number indicates from which of three wafers the
particular sample was cut (1 and 3 being nominally undoped
with a resistivity of 40-44 Ω cm, 2 being Sb doped with a
resistivity of 15 Ω cm). In general, the samples with a more
Figure 2. XPS of methyl-terminated Ge(111) surfaces. (a) A survey
scan of a methyl-terminated Ge surface, compared with a bare Ge(111)
surface prepared in UHV. The elemental peaks of interest are
highlighted. (b) Detailed XPS scans of C 1s and Ge 3d (inset). The
lower binding energy peak of the C 1s signal is assigned to the methyl
carbon bonded to the Ge. The higher binding energy peak is assigned
to adventitious hydrocarbon.
Figure 3. Detailed XPS scans of the Ge 3d peak of decyl-terminated
Ge(111) surfaces prepared through (a) thermal hydrogermylation of
1-decene and (b) bromination/alkylation with decylmagensium bromide.
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negative surface potential had a lower maximum surface
recombination velocity. Such samples were mostly comprised
of methyl-terminated Ge(111) samples that were prepared by
the two-step halogenation/alkylation method.
Because alkylated surfaces prepared by the halogenation/
alkylation method were under inversion at no applied field and
because the external field was applied in a pulsed form, an
estimate of the surface charge density could be obtained from
the amplitude of the transient at the edge of the field pulse.37
Figure 5a presents an example of the change in conductance
that was observed when a negative square pulse sample bias
was applied to a surface under inversion as a result of the two-
step halogenation/alkylation procedure. Peak 1 is due to the
onset of the applied field, and peak 2 is the laser-induced
transient that was used to measure S. The change in conductance
reflected in the amplitude of peak 1, ∆σ1, is proportional to the
injected charge:
with the mobilities having their usual bulk values and where
∆P is the excess positive charge arising from the inversion layer.
As the amplitude of the applied field was increased, and the
resulting steady-state surface potential approached accumulation
conditions, the amplitude of peak 1 reached a constant value,
indicating that the entire inversion layer charge had been injected
into the bulk. From these data, the charge in the inversion layer
was calculated to be (1-3) × 1012 cm-2.
For Si, analogous quantitative conductance vs field strength
data could not be obtained with the instrumentation used because
Si has a higher intrinsic resistivity, and a wider band gap, than
Ge, which prevents the attainment of the conductance minimum
for Si under most conditions. Nevertheless, the sign of the
conductance response to an applied field provided some
information for the alkylated Si(111) samples. Methyl termina-
tion of a lightly n-doped Si(111) substrate (the dashed curve of
Figure 1b) produced surfaces that were in inversion at zero bias
(qualitatively similar to the methyl-terminated Ge(111)), while
a more heavily doped n-type substrate (solid curve) produced
surfaces that were in depletion. These data thus indicate that
such methyl-terminated Si(111) samples had a zero-field surface
potential in the range of -200 to -400 mV.
C. Hg/Ge Junctions. As seen from the Mott-Schottky
(C2-V) and Nyquist plots displayed in Figure 6, Hg contacts
to n-type Ge substrates modified through the halogenation/
alkylation process formed Schottky contacts. At reverse bias,
the depletion region capacitance dominated the impedance data,
and the data were reasonably well-described by the conventional
model circuit of a resistor in series with a parallel capacitor
and resistor combination. The log(J)-V data were linear in
forward bias, and the junctions had a diode quality factor of
1.3 ( 0.1. The barrier heights and diode quality factors deduced
from a conventional thermionic emission analysis of such
contacts for substrates of different dopant concentrations
(denoted I-V) are presented in Table 3. At higher current
densities, one would expect the thickness of the hydrocarbon
in the overlayer to influence the J-V data because under such
conditions tunneling through the insulator will become the
current-limiting process. However, at the low forward biases
used in this work, the currents were governed by thermionic
emission.28,40 The junction capacitance dominated the impedance
data for almost 2 decades at higher applied frequency, and the
junction was well represented by the equivalent circuit depicted
in Figure 6b (inset).
The oxide- and decyl-terminated n-type Ge(111) samples
made by thermal addition of 1-decene, and all alkylated p-type
Ge substrates, did not display measurable rectification in contact
with Hg. Nominally undoped Ge(111) substrates (type I in Table
3) subjected to the two-step halogenation/alkylation process were
rectifying, but all such samples displayed diode quality factors
greater than 2, and their impedance data could not be well fit
to the model circuit inset in Figure 6 to yield a parallel
capacitance, regardless of the length of the alkyl chain.
IV. Discussion
A. Surface Chemical Analysis. The isopropanol reflux used
to clean the substrate does not remove oxide, and the conditions
of moist air and heat would be expected to lead to oxide growth
on an unprotected Ge(111) surface. However, the lack of
detectable oxygen on the methyl-terminated Ge(111) surfaces
after exposure to refluxing isopropanol for as long as 12 h
demonstrates the ability of the halogenation/alkylation method
to produce stable, oxidation-resistant surfaces. The normalized
IGe:IC-Ge ratio for methyl-terminated Ge(111) surfaces was
observed to be in accord with the ISi:IC-Si ratio observed for
methyl-terminated Si(111) surfaces both in this work and in
previously reported results.39 Because methyl-terminated Si(111)
has been shown to possess essentially complete local chemical
passivation and because the lattice constant of Ge is similar to
that of Si, the similarity between the XPS signal ratios of
CH3-Ge(111) and CH3-Si(111) surfaces supports the notion
that the two-step halogenation/methylation process completely
functionalizes the Ge atop sites with methyl groups.36
TABLE 1: Hydrocarbon Coverage and Surface Oxidation As Determined by XPS
sample type dova (nm) dox (nm) IC:Ibulkb % oxidized
CH3-Ge(111) 1.2 ( 0.2 -c 0.15 ( 0.02 -c
CH3-Si(111) 1.3 ( 0.2 -c 0.13 ( 0.02 -c
1-decene + H-Ge 2.1 ( 0.2 0.20 ( 0.03 -c 30 ( 10
C10H21MgBr + Br-Ge 2.2 ( 0.2 0.06 ( 0.06 -c 10 ( 10
a Overlayer thickness calculated from eq 1, using entire C 1s signal. b Ratio is normalized to the sensitivity factor of the substrate element
with only the lower binding energy component of the C 1s considered. c No observable signal.
Figure 4. S as a function of surface potential for five Ge(111) samples
modified with the two-step halogenation/alkylation process. Lines are
for visual guidance only.
∆σ1 ) q(µn + µp)∆P (8)
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The spectrometer instrumentation used does not allow for the
annealing process necessary to desorb the adventitious con-
taminants, so the contaminants complicate the measurement of
the overlayer thickness for longer alkyl chains, such as the decyl
groups, for which much of the alkyl group is spectroscopically
indistinguishable from contaminants.41 If the adventitious
contamination layer can be assumed to be similar for both decyl-
and methyl-terminated surfaces, a layer thickness of 1.4 ( 0.4
nm may be calculated by subtracting the total thickness
calculated for the methyl overlayer observed by XPS (1.2 (
0.2 nm) from the total XPS-derived thickness of the decyl-
terminated layer (see Table 1). The value of 1.4 ( 0.4 nm for
the overlayer thickness is within the range of reported thick-
nesses of decene monolayers, less 2 Å for the van der Waals
diameter of the subtracted methyl carbon.42,43
To study the differences in oxide content between the decyl-
terminated surface prepared using the two-step halogenation/
alkylation reaction or thermal hydrogermylation, hydrofluoric
acid was used to etch all samples studied so that differences in
the resulting overlayers reflected differences in the reactions
themselves, as opposed to differences in the methods of etching
TABLE 2: Surface Potential under No Applied Bias and the Maximum Surface Recombination Velocity within Available Bias
Conditions for Functionalized Ge(111)
sample C10H21 (1-0) C2H5 (1-1) C2H5 (1-2) C2H5 (1-3) CH3 (1-4) C2H5 (2-1) C2H5 (2-2) CH3 (2-3)
Vs,0 (mV) -140 -50 -140 -220 -270 -100 -100 -270
Smax (cm/s) 520 450 210 224 50 230 350 170
sample C2H5 (2-4) CH3 (2-5) C2H5 (2-6) CH3 (3-1) C2H5 (3-2) CH3 (3-3) C2H5 (3-4) CH3 (3-5)
Vs,0 (mV) -100 -250 -210 -210 -140 -260 -170 -260
Smax (cm/s) 480 100 300 140 130 70 150 70
Figure 5. Conductance waveforms from which values for S and for
the surface potential are derived. The peak at t ) 0 is the rise in
conductance due to pulsed-laser-generated carriers in the bulk crystal.
Narrow peaks labeled with an asterisk are capacitive currents from the
field plate at the onset of the bias. ∆σ′ is the difference in conductance
between when the sample was biased with respect to the field plate
and when it was not biased. (a) A negative bias applied to a methyl-
terminated Ge(111) surface. ∆σ1 is the change in conductance due to
injection of charge associated with the inversion layer present before
the application of the field. (b) Positive bias is applied to a methyl-
terminated surface. (c, d) A negative bias and positive bias, respectively,
is applied to an oxidized Ge(111) surface.
Figure 6. Representative electrical data for Hg contacted to a Grignard-
derived decyl-terminated n-Ge(111) surface. (a) C-2-V plot. (b) Nyquist
plot of the same junction at 200 mV reverse bias. (c) J-V plot of the
same sample (lower curve) and a decyl-terminated sample prepared
via hydrogermylation (upper curve).
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the surfaces.44 Although the hydrogen-terminated Ge(111)
surface is unstable in air, the low oxygen content of the surfaces
prepared using the halogenation/alkylation process demonstrates
that, with proper handling, Ge oxide growth can be minimized.
Therefore, the oxide observed on the surfaces prepared by
thermal hydrogermylation is most likely due to the instability
of the hydrogen-terminated surface under reaction conditions
such as the elevated reaction temperature.16
Unlike halogen-terminated Si(111) surfaces, halogen-termi-
nated Ge(111) surfaces have been reported to be unreactive
toward alkyllithium reagents.45 A radical reaction pathway open
to Grignard-treated Si should however also be available to
alkyllithium reagents.39,46,47 The XPS data reported here indicate
that Br-terminated Ge(111) surfaces readily reacted with me-
thyllithium to yield a surface that was nominally identical
spectroscopically, electrically, and electronically to that obtained
when the Br-Ge(111) surface was exposed to the methyl
Grignard reagent.
B. Surface Conductance. The surface conductance results
are in general accord with prior data on ethyl-terminated Ge
surfaces.48 However, for our system, a more complete conduc-
tance curve was obtained, and the point of maximum surface
recombination was observable. This indicated that our system
had either a lower surface state density or a higher field-plate
capacitance. Prior work used an air gap between the semicon-
ductor surface and the field plate, which allowed for the use of
different gaseous atmospheres, but instability in such measure-
ments has been reported to change the surface electronic
properties.5,6,48,49
The surface potential of the oxidized Ge(111) surfaces was
observed to be on the opposite side of the intrinsic Ge Fermi
level from the surface potential of the Grignard-derived alkylated
Ge(111) surfaces. The surface potential position of the alkylated
samples that displayed less band bending, such as ethyl- or
decyl-terminated Ge(111) surfaces, could be produced by the
presence of surface oxides at levels below the detection threshold
of the XPS instrumentation. This hypothesis is supported by
the observation that such surfaces had generally higher values
of S than the methyl-terminated Ge(111) surfaces that also
displayed the strongest inversion at zero applied field.
The conductance results do not provide direct insight into
the chemical nature of the charges on the alkylated Ge(111)
surfaces. Nevertheless, the charge density and surface potentials
observed for such surfaces are in general accord with behavior
that has been proposed for dangling bonds.51,52 The native oxide
on Ge is of poor electronic quality and often yields a positive
surface potential, likely due to the presence of moisture.5 A
dependence of the positive surface charge upon the presence
of both oxide and water would explain the deduced shift in
surface potential between vacuum and ambient conditions as
well as the difference between the behavior observed for the
oxidized surfaces and the observed threshold voltage shift seen
in Ge p-MOS devices (the conduction is not off at zero gate
bias).52 The results of the two-step alkylation/halogenation can
be explained if the alkyl termination, while not completely
removing the acceptor states, prevents surface interaction of the
Ge surface with water molecules.
Conductivity and scanning tunneling spectroscopy measure-
ments indicate the presence of an inversion layer on Cl-
terminated n-Si(111).53,54 While alkylation of a halogen-
terminated Ge(111) surface yields a surface that is predominately
alkyl-terminated, a small number of halogen-terminated sites
could be present in the system. The amount of charge in the
inversion layer present in the methyl-terminated surface is
consistent with 0.1-1% of the Ge(111) surface atoms remaining
halogen-terminated. Such a concentration is well below the
detection level of the XPS but is not insignificant. However,
the lack of observation of persistent chlorine atoms in similarly
prepared methyl-terminated Si(111) samples, for which there
is also a shift in surface potential, makes it unlikely that
unreacted halogen surface atoms are the cause of the surface
charge.41,43,55,56
C. Hg/Ge Junctions. The poor rectification performance of
Ge(111) surfaces that have XPS-detectable oxide is expected
in light of the conductance data, which indicated n-type samples
would be in accumulation. Although the XPS data show that
the treatment of Ge(111) with 1-decene produces an alkyl
overlayer, the method did not provide significant electrical
passivation. Hg contacts to n-type Ge(100) samples treated with
1-octadecene have been reported to have a 0.41 eV barrier
height, but such contacts had high ideality factors and positive
surface charge, consistent with our observations.20 The lack of
rectification for Hg contacts to p-type substrates is consistent
with the high barrier heights, approximately equal to the entire
band gap, that were observed for n-type Ge(111) samples treated
with the halogenation/alkylation procedure.
From the Ge conductance data reported herein and from
previous data on Hg/Si(111) junctions, the methyl-terminated
surfaces would be expected to exhibit a high barrier height due
to a lack of oxide-related surface states and the shift in apparent
electron affinity caused by the dipole of surface methyl groups.57
The measured Hg/n-Ge barrier heights thus confirm the lack of
pinning at a positive surface potential but do not distinguish
TABLE 3: Junction Properties of Hg Contacted to Functionalized Ge(111)
C-2-V measurements J-V measurements
sample type ND (cm-3)a ΦBn,C-2-V (V) quality factor n ΦBn,J-V (V)
CH3-Ge I N/Ab N/Ab 2.0 ( 0.2 0.53 ( 0.05
C10H21-Ge I N/Ab N/Ab 2.15 ( 0.08 0.52 ( 0.01
CH3-Ge II (1.3 ( 0.2) × 1015 0.44 ( 0.12 1.6 ( 0.2 0.55 ( 0.05
C2H5-Ge II (3.6 ( 0.4) × 1014 0.67 ( 0.07 1.6 ( 0.2 0.55 ( 0.05
C10H21-Ge II (3.7 ( 0.4) × 1014 0.56 ( 0.06 1.68 ( 0.2 0.57 ( 0.05
CH3-Ge III (7.9 ( 0.3) × 1016 0.43 ( 0.03 1.45 ( 0.28 0.65 ( 0.03
C2H5-Ge III (7.9 ( 1) × 1016 0.61 ( 0.09 1.07 ( 0.02 0.67 ( 0.02
C10H21-Ge III (4.6 ( 0.4) × 1016 0.63 ( 0.05 1.21 ( 0.04 0.61 ( 0.01
CH3-Ge IV (6.7 ( 0.6) × 1015 0.52 ( 0.07 1.34 ( 0.11 0.60 ( 0.03
C10H21-Ge IV (4.2 ( 0.5) × 1015 0.61 ( 0.04 1.15 ( 0.05 0.69 ( 0.01
CH3-Ge V (1.1 ( 0.4) × 1017 0.47 ( 0.1 1.6 ( 0.2 0.65 ( 0.05
C10H21-Ge V (0.9 ( 0.4) × 1017 0.8 ( 0.2 1.4 ( 0.3 0.63 ( 0.05
a Donor density as determined by the slope. b Not available; data could not be fit to equivalent circuit model in Figure 6b.
12306 J. Phys. Chem. C, Vol. 114, No. 28, 2010 Knapp et al.
between ideal behavior or the pinning traditionally seen in solid-
state Schottky contacts to n-Ge.
V. Conclusion
Alkylation of Ge(111) surfaces via the two-step halogenation/
alkylation method provides air-stable, low oxygen content
surfaces, with a low density of midgap recombination centers
as evidenced by surface recombination velocities lower than
100 cm s-1 under depletion conditions. For undoped and lightly
doped n-type substrates, such a passivation process causes a
shift in surface potential approaching -300 mV. This behavior
is in contrast to n-Ge(111) substrates with oxidized or etched
surfaces or surfaces that had been alkylated by thermal hydro-
germylation with 1-decene, which were in accumulation in
contact with an air ambient. Hg contacts to n-Ge(111) substrates
treated with the two-step halogenation/alkylation process ex-
hibited barrier heights of 0.6 ( 0.1 V, and the differential
capacitance vs voltage behavior of such junctions indicated near-
ideal behavior, in contrast to substrates that were either left
unprotected or modified with 1-decene, which showed little
detectable rectification.
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